Polygonatum is a famous traditional Chinese medicine that is widely used in China, Korea and Japan. In the last decade, constituents of the genus have been reported including steroidal saponins, flavones, alkaloids, lignins, amino acids and carbohydrates, some of which show biological properties such as antiviral and antitumor activity, variable effects on the immune system and anticoagulant activity. In addition, some findings provide novel evidence that Polygonatum species may contain potential anti-tumor and anti-viral proteins for possible medical application and large-scale pharmaceutical production. In this review, we focus on the updated research of the chemical constituents of Polygonatum including polysaccharides, steroidal saponins, flavonoids and lectins, and their potential therapeutic roles.
Plants of the genus Polygonatum, comprising about 40 species and belonging to the family Liliaceae, grow mainly in the north temperate zone. Of these, 31 species are found in China, especially in the southwest. The underground parts of some species of this genus and their dried roots and stems, known as "Huangjing" and "Yuzhu" after processing, include Polygonatum sibiricum, P. cyrtonema, P. odoratum, P. punctatum and P. kingianum. These are famous traditional Chinese medicines that are widely used in China, Korea and Japan [1, 2] . In traditional Chinese medicine, Polygonatum is used mainly for the treatment of cough, dizziness and lung trouble. Pharmacological studies indicate that Polygonatum may stimulate the immune system, decrease blood glucose and lipid levels, and prevent aging [3] . In the last decade, the reported chemical constituents of the genus include steroid saponins [4] , flavones [5] , alkaloids [6] , lignins [7] , amino acids [8] , and carbohydrates [9] . The polysaccharides have been reported to show immunomodulatory, anti-aging and antiviral activities [10] , and they may be one of bioactive components of the crude drug [11] . Steroidal saponin has been reported to be responsible for the hypoglycemic activity [12] . Homoisoflavonoids may be potential insulin sensitizers [13] . Polygonatum lectin has recently drawn rising attention of cancer biologists because it bears remarkable anti-tumor activities, inducing programmed cell death (PCD), apoptosis and autophagy of cancer cells. It could be utilized as a potential antineoplastic drug for cancer therapy in the near future [14] .
In this review, we summarize the updated research on the chemical constituents of Polygonatum, including polysaccharides, steroidal saponins, flavonoids and Polygonatum plant lectin. In addition, we also demonstrate the potential therapeutic roles of these constituents of Polygonatum.
Polysaccharides
Polysaccharides are known to present a broad range of biological activities comprising antiviral and antitumor action, variable effects on the immune system and anticoagulant activity. In particular, the antiviral effect of polysaccharides against the herpes simplex virus (HSV) has been reported and some of these polysaccharides are currently undergoing either preclinical or clinical evaluation. P. sibiricum polysaccharide (PSP) is a component of P. sibiricum, which is a traditional Chinese herbal remedy that is widely used as an antineoplastic agent, and an anti-aging agent, as well as an antioxidant and anti-atherosclerotic agent [15] . PSP is also considered to be effective in the treatment of osteoporosis in traditional Chinese medicine [16] .
The polysaccharides isolated from P. sibiricum have also been reported to show immunomodulatory, anti-aging and antiviral activities [10, 17] , and they may be the major bioactive components of the crude drug. From the hot-water extract of P. sibiricum, Liu et al. isolated six homogeneous polysaccharides, and two polysaccharides from the alkali extract [11] . In addition, Liu et al. first described the isolation and structural investigation of a homogalactan PSW-1b-2 and a galactomannan PSW-1a in P. sibiricum. P. cyrtonema Hua is a widely used traditional Chinese medicine for the treatment of cough, dizziness and lung problems. The neutral polysaccharide isolated from the plant has also been reported to show immunomodulatory, anti-aging and antiviral activities, and has been implicated as the major bioactive component of the herb [10, 17] . The polysaccharide has a branched fructan core with (2→6)-linked-d-fructofuranosyl (Fruf) residues every three (2→1)-linked-d-Fruf residues and an average degree of polymerization of 28. Ahn et al. isolated four new steroidal saponins from P. sibiricum [30] (15) . Their structures are shown in Figure 2 . Compounds 12 and 13 are distinctive in carrying an acetyl group at the C-1β position of a steroidal aglycon, and this is the first report of a steroidal glycoside (14) with an acetylated sugar moiety from the genus Polygonatum. The cytotoxic activity of the isolated compounds was evaluated with human MCF-7 breast cancer cells. The new spirostanol saponins, 14 and 15, showed moderate cytotoxic activity (IC 50 values of 20.9 and 24.3 μM, respectively). On the other hand, cytotoxicity was not found for compounds 12 and 13 (IC 50 values of >100 and 71.4 μM, respectively).
Xu et al. also isolated two new furostanol saponins, polygonoides, from the ethanol extract of the rhizome of P. sibiricum [31] . On the basis of acid hydrolysis and comprehensive spectroscopic analyses, the structures were elucidated as 22α-(propionyloxy)- (Figure 2 ). In Wang's studies [32] , three steroidal saponins were isolated from the rhizomes of P. odoratum. The structure of the compounds were determined by detailed analysis of their 1D and 2D NMR spectra as Yang et al. reported four new steroidal saponins, polypunctosides A-D (23) (24) (25) (26) , from the rhizomes of P. punctatum, together with five known steroidal saponins (27) (28) (29) (30) (31) [34] . On the basis of chemical and spectral evidence, the structures of the new saponins were established as (3β,23S,25R) (Figure 5 ). Their molecular formulae were assigned as C 44 (26) . The cytotoxic activity of the isolated saponins was evaluated against HeLa cells. Compounds 23-27 showed potent activity, with IC 50 values less than 40 μg/mL. Furthermore, compounds 24-26 showed better cytotoxic activity than compound 23 due to the effect of the Ac groups.
Flavonoids and homoisoflavones
Homoisoflavones and flavonoid glycosides have been isolated from Polygonatum species, including 4′, 7-dihydroxy-3′-methoxyisoflavone and isoliquiritigenin from the root of P. kingianum [7, 35, 36] . The structures of some of the isolated flavonoids (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) are shown in Figure 6 . (48) were also isolated from the root of P. odoratum and their structures determined by IR, EI-MS and NMR (Figure 7 ) [35, 37] . These compounds were tested for their antimicrobial activity against four bacterial and six plant pathogenic species [37] . All the tested compounds showed activity. Compounds 44 and 47 had strong inhibition effects against Colletotrichum lagenarium, Alternaria brassicae, Verticillium dahliae, Exserohilum turcicum, Escherichia coli, Bacillus cereus and Corynebacterium sepedonium. For the C-6 methylated homoisoflavanones, the activities of compound 48 were strongest, and next was those of compounds 46, 45 and 47. Therefore, reducing the polarity of these homoisoflavanones either by C-methylation or by O-methylation at C-8 or C-4′ might increase the activity. In addition, the antioxidant activities of these compounds were measured using the DPPH and reducing power assays. Compounds 46 and 47 showed higher scavenging activities against the DPPH radical and reducing power, but no effect on the hydroxyl radical. The antioxidant activity of compound 46 23 Zhang et al. found that the ethyl acetate soluble fraction of a 90% MeOH extract of the fibrous roots of P. odoratum could potentiate insulin-stimulated glucose uptake in differentiated 3T3-L1 adipocytes. Bioassay-guided fractionation yielded nine homoisoflavonoids (44-48, 50-53), four of which were new (50-53), together with an isoflavone glycoside (54) and a flavanone glycoside (55) [13] . The structures of the new compounds ( Figure  7) were elucidated on the basis of extensive 1D and 2D NMR spectroscopy, and the absolute configurations were deduced by CD spectra. All 11 compounds showed the effects of improving insulinstimulated glucose uptake in differentiated 3T3-L1 adipocytes compared with treatment by 100 nM insulin. Particularly, compound 50 exhibited the most potent glucose stimulatory activity at the concentration of 1 μM. Preliminary structure-activity relationship analysis indicated that compounds with an additional hydroxy group at C-2′ or C-3′ (50, 51) showed much stronger activities than compounds with only one hydroxy or methoxy group at C-4′ (compounds 44-46, 48) . The results indicate that homoisoflavonoids may be potential insulin sensitizers.
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In summary, these results indicate that homoisoflavonoids are able to ameliorate insulin resistance peripherally and can be potentially developed as insulin sensitizers for the treatment of diabetes. However, further in vivo investigations are necessary.
Plant lectins
Lectins are carbohydrate-binding proteins, widely spread throughout the plant kingdom, that recognize various carbohydrate moieties specifically, bearing the capability to agglutinate cells or precipitate polysaccharides and glycoconjugates [42] [43] [44] .
P. cyrtonema lectin (PCL), a single-domain Galanthus nivalis agglutinin (GNA) related lectin, has been reported to inhibit markedly the growth of various types of cancer cell. Ding reported the crystal structures of PCL dimeric mannose-binding lectin with anti-HIV activities and its complexes with monomannoside and α1-3 dimannoside from P. cyrtonema. The structures show an abnormal carbohydrate-binding site which is unfit for mannosebinding, and a unique ligand-binding mode which induces a distinct super-structure for PCL. Sequence comparisons reveal the inherent structural elements for the super-structure assembly of PCL. Based on these observations, the possible structural basis for the functional ramification of GNA-related lectins and the anti-HIV property of dimeric PCL are also discussed [45] . An et al. isolated a mannose and sialic acid binding lectin from rhizomes of P. cyrtonema. The anti-human immunodeficiency virus (HIV) I/II activity was elucidated by comparing its HIV infection inhibitory activity in MT-4 and CEM cells with that of other mannose-binding lectins (MBLs). The anti-HIV activity of PCL was 10-to 100-fold more potent than other tested MBLs, but without significant cytotoxicity towards either MT-4 or CEM cells [46] .
P. odoratum (Mill.) Druce was also an important traditional Chinese herbal medicine from which a variety of biologically active compounds have been identified. However, little was known about the bioactive proteins of P. odoratum. Yang et al. purified P. odoratum lectin (POL) from the rhizomes. Some biological characteristics of POL, especially its anti-viral and anti-neoplastic activities, were characterized for the first time [47] . Due to the accumulating evidence, their findings that POL exhibits remarkable inhibition against Vero and A375 cells, opens up new exploration for natural lectins, not only as a potential therapeutic and preventative strategy against HSV-II infection, but also as a potential anti-neoplastic agent. Moreover, the molecular cloning of POL gene would provide valuable information for further understanding of the structure-function relationship through its expression and mutagenesis. 
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Chemical constituents and pharmaceutical significance of Polygonatum Natural Product Communications Vol. 10 (4) 2015 687 binding activity. Moreover, PCL was shown to induce MCF-7 cell apoptosis and caspase was found to be involved in this apoptotic pathway. These findings demonstrate that the different antiproliferative effects may be due to the conserved motifs of the mannose-binding sites [49] . In their study, POL, a mannose-binding specific GNA-related lectin, possessed a remarkable antiproliferative activity toward murine fibrosarcoma L929 cells; this lectin induced L929 cell apoptosis in a caspase-dependent manner. Besides, POL treatment increased the levels of FasL and Fas-associated protein with Death Domain (FADD) proteins and resulted in caspase-8 activation. Also, POL treatment caused mitochondrial transmembrane potential collapse and cytochrome c release, leading to activations of caspase-9 and caspase-3. Furthermore, POL treatment enhanced tumor necrosis factor α (TNFα)-induced L929 cell apoptosis. These inspiring findings provide a new molecular basis for further understanding cell death mechanisms of the Galanthus nivalis agglutinin related lectins in future cancer investigations [50] .
In others reviews, Liu et al. focused on exploring the precise molecular mechanisms by which PCL induces cancer cell apoptotic death such as the caspase-dependent pathway, mitochondriamediated ROS-p38-p53 pathway, Ras-Raf and PI3K-Akt pathways. In addition, they further elucidated that PCL induced cancer cell autophagic death via activating the mitochondrial ROS-p38-p53 pathway, as well as via blocking the Ras-Raf and PI3K-Akt pathways, suggesting an intricate relationship between autophagic and apoptotic death in PCL-induced cancer cells. Their findings may provide a new perspective of PCL as a potential anti-tumor drug, targeting PCD pathways for future cancer therapeutics [51] [52] [53] .
Recombinant P. cyrtonema lectin (rPCL) was successfully obtained from P. cyrtonema. The studies of Li et al. indicate that rPCL can be used as a potential anti-tumor and anti-viral protein with possible medical application and large-scale pharmaceutical production. rPCL has considerably improved the crystal quality that would provide novel evidence for further exploring the three-dimensional structure of plant lectins and even open up a novel perspective for further investigating the relationship between structure and biological activity of plant lectins [54] . However, difficulty lies in the isolation and purification of PCL from P. cyrtonema on a largescale; this restricts the investigation of the molecular mechanisms implicated in the anti-viral and anti-tumor activities of PCL. Therefore, acquirement of substantial rPCL through a pET expression system might provide us with a new opportunity for illustrating the anti-viral and anti-tumor mechanisms of PCL, and also provide us more evidence for further elucidating the relationship between the structure and function of plant lectins. Furthermore, such findings would provide novel evidence that rPCL could replace PCL as a potential anti-tumor and anti-viral protein for possible medical application and large-scale pharmaceutical production.
Conclusions and future directions
In recent years, the genus Polygonatum has received special attention. Several chemical constituents, including steroidal saponins, flavones, polysaccharides and lectins have been isolated from the root and rhizome of Polygonatum species, and the pharmaceutical activity of the isolated compounds evaluated. The results indicate that the steroidal saponins, flavones, polysaccharides and lectin show good pharmacological activity. Especially, the lectin, as a potential anti-tumor and anti-viral protein, has possible medical application. However, many problems remain and further research is needed, such as the difference in chemical constituents of the various Polygonatum species, the relation between the different chemical constituents and the pharmaceutical activity, and what are the intrinsic molecular mechanisms of the Polygonatum plant lectin in inducing apoptotic and autophagic death? Thus, with the development of science and technology, more chemical constituents will be isolated from the genus Polygonatum, and their pharmaceutical activities will become better understood.
